Animals sense an enormous number of cues in their environments, and, over time, can form memories and associations to some of these. The nervous system remarkably maintains the specificity of memory to each of the cues. Here we asked whether the nematode Caenorhabditis elegans adjusts the temporal dynamics of odor memory formation depending on the specific odor sensed. C. elegans senses a multitude of odors, and memory formation to some of these odors requires activity of the cGMP-dependent protein kinase EGL-4 in the AWC sensory neuron. We identified a panel of 17 attractive odors, some of which have not been tested before, and determined that the majority of these odors require the AWC primary sensory neuron for sensation. We then devised a novel assay to assess odor behavior over time for a single population of animals. We used this assay to evaluate the temporal dynamics of memory formation to 13 odors and find that memory formation occurs early in some odors and later in others. We then examined EGL-4 localization in early-trending and late-trending odors over time and found that the timing of memory formation correlated with the timing of nuclear accumulation of EGL-4 in the AWC neuron. We demonstrate that odor memory formation in C. elegans can be used as a model to study the timing of memory formation to different sensory cues. Caenorhabditis elegans adjusts the temporal dynamics of odor memory formation depending 25 on the specific odor sensed. C. elegans senses a multitude of odors, and memory formation to 26 some of these odors requires activity of the cGMP-dependent protein kinase EGL-4 in the AWC 27 sensory neuron. We identified a panel of 17 attractive odors, some of which have not been 28 tested before, and determined that the majority of these odors require the AWC primary 29 sensory neuron for sensation. We then devised a novel assay to assess odor behavior over time 30 for a single population of animals. We used this assay to evaluate the temporal dynamics of 31 memory formation to 13 odors and find that memory formation occurs early in some odors and 32 later in others. We then examined EGL-4 localization in early-trending and late-trending odors 33 over time and found that the timing of memory formation correlated with the timing of nuclear 34 accumulation of EGL-4 in the AWC neuron. We demonstrate that odor memory formation in C.
144 of 18 highly attractive odors in wild-type and olfactory sensory neuron mutants in a standard 145 chemotaxis assay (Bargmann et al. 1993) . 146 Odor attraction in C. elegans is mediated by two pairs of olfactory sensory neurons, the 147 AWC neurons and the AWA neurons. Mutants of the ceh-36 gene which encodes an Otx 148 homeodomain transcription factor do not develop AWC olfactory sensory neurons (Lanjuin et 149 al. 2003) , whereas mutants of the odr-7 gene which encodes an AWA-specific nuclear hormone 150 receptor lack the AWA sensory neurons (Sengupta et al. 1994 ). Thus, AWC-sensed odors such as 151 benzaldehyde or butanone are unable to be sensed in ceh-36 mutants, and, conversely, AWA-152 sensed odors such as diacetyl are no longer sensed in odr-7 mutants. As predicted, we show 153 that diacetyl attraction is lost in the AWA-odr-7 mutants and maintained in ceh-36 mutants 154 (Table 1) . On the contrary, benzaldehyde attraction disappears in the AWC-ceh-36 mutants but 155 is normal in AWA-odr-7 mutants. Finally, 2,4,5-trimethylthiazole which is sensed by both AWA 156 and AWC neurons remains attractive in both AWC-and AWA-mutants. When we tested the 157 other odors, we found that attraction to most of the odors required the AWC sensory neurons, 158 with only butyric acid and isobutyric acid sensed by the AWA neuron (Table 1) . Benzyl 159 proprionate attraction was effectively lost in both AWC-and AWA-mutants. Hence, we have 160 identified many novel attractive AWC-sensed odors. Short-term and long-term olfactory memory has been studied for the AWC-sensed odor 164 benzaldehyde (Colbert & Bargmann 1995 ; L'Etoile et al. 2002 ; Lee et al. 2010 ). However, the 165 temporal dynamics of memory formation to other odors have not been tested thoroughly. 166 Thus, we sought to characterize the change in odor attraction over time to a multitude of AWC-167 sensed odors. The standard odor treatment and chemotaxis assay protocol to measure C. 168 elegans odor memory is a robust assay that has led to the discovery of odor memory mutants 169 and revealed molecular pathways involved in memory formation (Bargmann et al. 1993 Due to the limitations of the standard odor memory behavior assay, we designed a new 175 odor behavior assay we call the "real-time odor behavior assay". This method is based on a 176 previously designed odor behavior assay (Remy & Hobert 2005) , in which a population of 177 worms is placed on the center of a larger 12.5 cm X 12.5 cm square plate rather than the 9 cm 178 diameter circular plate used in the standard assay (Fig 1A) . The plate is divided into 6 even 179 columns labeled A-F, with a dilution of odor placed in the center of one of the side columns 180 (column A). On the opposite side column (column F), a small spot of OP50 strain E. coli bacteria, 181 a common laboratory source of food for C. elegans, is placed towards the middle and used as a 182 counterattactant to the odor.
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Worms can freely move throughout the whole plate for the entire 120 minute assay. We (Figure 1B) . 191 After another 30 minutes we observed a slight decline in attraction, and finally at 90 minutes 192 we observed a steep decline in attraction that maintained until the end of the assay. In contrast to the standard assay technique in which odor exposure precedes the 205 behavior assay, animals are concurrently exposed to benzaldehyde as the real-time assay 206 proceeds. In the beginning of the assay, most of the freely moving worms can reach the odor at 207 the far end of the plate within 30 minutes. Thus, to compare the two assay techniques, we 208 consider the 30 minute time point to be the "beginning" of the memory assay similar to the 0 209 minute time point in the standard assay. After the 30 minute time point wild-type C. elegans 210 begins to display a decreased attraction for the next 40 minutes similar to that observed during 211 short-term memory in the standard assay (Fig 2A, 2B) . In cng-3 mutants, however, this early 212 change in behavior appears to be absent (Fig 2A, 2B ).
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A major difference between the two assay techniques is that each time point in the 214 standard assay is an independent population of animals, whereas a single population is being 215 tracked in the real-time assay. Thus, each data point is dependent on the previous data point in 216 the real-time assay. This can lead to a decrease in resolution in data over time especially at 217 close time points. To confirm that the real-time assay can indeed measure odor memory states 218 in C. elegans similar to the standard assay, we compared attraction at the 0 and 40 minute time 219 points in the standard assay to the 30 and 70 minute time points in the real-time assay. In both 220 the standard and real-time assays, wild-type N2 animals display a significant decrease in 221 attraction after 40 minutes (Fig 2C) . Interestingly, this decrease was absent in short-term 222 memory-defective cng-3 mutants for both the standard and real-time assays (Fig 2C) . However, 223 a significant drop in attraction was observed after 80 minutes in both N2 and cng-3 mutants, 224 showing that long-term memory is intact in cng-3 mutants (Fig 2B) . Finally, no memory to 225 benzaldehyde develops in adp-1 mutants in either the standard assay or the new assay (Fig 2A, 226 2B). Thus, both short-term and long-term memory can be resolved in the real-time behavior 227 assay. 228 Since we demonstrated that our assay can accurately assess the timing of benzaldehyde 231 memory, we conducted a comprehensive temporal analysis of memory to a palette of 12 other 232 odors, 9 of which have never been tested for memory. These include alcohols, ketones, thiols, 233 thiazoles, aromatics, and pyrazines. 30 minutes into the assay when we start the analysis, we 234 observe differences in attraction to each odor ranging from 0.91 AI (2,4,5-trimethylthiazole) to 235 0.50 AI (2-heptanone). However, over time, the total decrease in attraction to all of the odors is 236 similar over the entire assay (average AI decrease=-0.475±0.025) with one exception, the odor 237 cyclohexylethanol, which displays only a modest attenuation (AI decrease=-0.19).
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Among the panel of 13 odors tested, 12 of these odors are sensed by the AWC neuron. 239 One can observe a distinct pattern of change in worm behavior towards these twelve odors 240 over time. For AWC-sensed odors, behavior change generally occurs relatively slowly at the 241 beginning of the assay then proceeds more quickly towards the end (Figure 3) . The exception to 242 this is the odor diacetyl, which is the only odor here not sensed by the AWC neuron. Behavior 243 change towards diacetyl appears to arise early and fairly consistently during the entire assay 244 (Figure 3) . 245 Although overall memory formation patterns over the 120 minute assay is similar for 246 most of the odors tested, the timing of memory formation varies depending on the odor. For 247 instance, benzaldehyde attraction decreases overall from 0.79 AI to 0.27 from 30 to 120 248 minutes, and 50% of this behavior change occurs within the 90 minute mark (Figure 3 ; Table 2 ). 249 This early trend was similar to that of 2-ethoxythiazole attraction (90 min) and 1-methylpyrrole 250 attraction (80 minutes). On the other hand, late trends of behavior change were observed in 251 2,4,5-trimethylthiazole (2,4,5-TMT) attraction (100 minutes) and 4-chlorobenzyl mercaptan (4-252 CB) attraction (110 minutes) (Figure 3, Table 2 ). To confirm whether the late change in behavior 253 was actually a result of odor memory, we tested the attraction of adp-1 mutants to 4-254 chlorobenzyl mercaptan and 2,4,5-TMT attraction in the real-time assay (Figure S1 ). Wild-type 255 animals showed large decreases in attraction over the whole assay for both 4-CB (change in 256 AI=-0.478) and 2,4,5-TMT (change in AI=-0.349). However, the change in behavior over time 257 was minimal in adp-1 mutants for both 4-CB attraction (change in AI=-0.226) and 2,4,5-TMT 258 attraction (change in AI=-0.009). Thus, the late trend in decreased odor attraction for the two 259 odors is likely due to late odor memory formation. We also confirmed that the early trend in 260 benzaldehyde memory and the late trend in 2,4,5-TMT memory can be observed using either 261 the real-time assay or the standard assay ( Figure S2 ). Thus, temporal dynamics of memory 262 formation varies depending on the specific odor. The temporal dynamic of EGL-4 nuclear localization in response to the early-and late-282 trending odors seems to vary depending on the odor. To analyze this in detail, we calculated a 283 polynomial regression for the time curves for each odor (Figure 4) , and then estimated the time 284 at which 50% EGL-4 nuclear localization was reached for each odor (Table 2) . We found that 285 EGL-4 nuclear localization occurred much faster in the early trending odors (59.2 min, 69.7 min, 286 76.6 min for 2-ethoxythiazole, benzaldhehyde and 2-methylpyrrole, respectively), and occurred 287 much later in the late-trending odors (88.4 min and 90.96 min for 4-CB and 2,4,5-TMT, 288 respectively). Thus, we saw a correlation between the timing of EGL-4 nuclear translocation and 289 the timing of odor memory formation. Taken together, we believe that the timing of odor 290 memory formation for AWC-sensed odors may be regulated by EGL-4 sub-cellular localization. Establishing the real-time behavior assay was the key to comprehensively testing 294 temporal dynamics of memory to multiple odors. This assay has several advantages to the 295 standard assay that has been valuable in understanding odor behavior in C. elegans. Firstly, 296 tracking a single population over time rather than independent populations at each time point 297 has benefits. For instance, we can observe actual changes in the behavior of animals over time, 298 decrease experimental variability between populations, and save time and resources tracking 299 one population rather than 13 populations over the 120 minute assay. Finally, the real-time 300 assay is a better simulation of odor behaviors in natural habitats than the standard assay. Our 301 group previously showed that production of the odor diacetyl in rotting fruit attracts C. elegans 302 (Choi et al. 2016 ). The new assay allows worms to freely move on a large field and alter their 303 behavior towards the odor over time more similar to natural habitats. 304 Although tracking a single population over time has advantages, this results in each data 305 point being dependent on the previous data point. This leads to a decrease in resolution in data 306 over time that is not a problem in the standard assay. Due to this concern we tested whether 307 different behavioral states in C. elegans mutants can be resolved in the real-time assay. We 308 found that short-term odor memory defects were observed in cng-3 mutants in the real-time 309 assay as has been observed in the standard assay (O'Halloran et al. 2017). Still, the standard 310 assay has stronger behavior resolving power than our new assay particularly in identifying 311 behavior mutants. The real-time assay cannot replace the standard behavior assay but can 312 supplement it with an ability to observe temporal dynamics on a large scale and also simulate 313 natural odor behaviors. 358 between 2,4,5-TMT, a component of fox feces, and rodents (Vernet-Maury 1980). Finally, we 359 found that memory does not form towards cyclohexylethanol. The ecological implications of a 360 persistent attraction to this odor is unknown. Cyclohexylethanol derivatives were found in a 361 plant root extract widely used in Chinese folk medicine (Huang et al. 2009 ), but relationships 362 with nematodes need to be further investigated. We hope that this study can be a platform for 363 more studies into natural odor behaviors. 367 elegans can form memories to a multitude of odor cues, we devised a new behavioral assay to 368 efficiently examine the temporal dynamics of odor memory formation to over a dozen odors. 369 Using the real-time behavior assay, we found that worms form memories to certain odors 370 faster than others. Finally, we investigated the cellular basis for this difference and found that 371 rate of EGL-4 nuclear translocation for each odor was correlated to the rate of memory 372 formation. 373 374 ACKNOWLEDGEMENTS 375 We would like to thank the Caenorhabditis Genetic Center which is supported by the by NIH 
